Abstract: Nitric oxide is one of the most important biochemical parameters in biological processes; it is also known as carcinogenic. There is need for the design of stable and durable solid phase nitric oxide sensors. In this study, we immobilized the nitric oxide sensitive molecules pyrene, tris(2,2'-bipyrdyl)dichlororuthenium(II) hexahydrate (Ru(bipy)
Introduction
Nitric oxide is the smallest reactive oxygen species and the key biochemical messenger and biological signaling molecule in cells. It also has an important role in immune and blood pressure regulation systems.
1−3
Therefore, real-time sensor development studies for nitric oxide attract great attention for biomedical research and diagnosis. Many analytical techniques have been used for detection of NO relying on electrochemistry, 4−6 chromatography, 7, 8 electron paramagnetic resonance spectroscopy (EPR), 9, 10 and optical chemical sensors.
11−24
From these, optical chemical sensors are good alternatives because of their high sensitivity, low cost, relative simplicity, and real-time detection ability. 11, 12, 15, 16, 18 Many fluorescence-based sensors for NO detection have been reported to date. 11−21 A short summary of these sensors for nitric oxide in terms of sensing agents, matrix materials, working ranges, and detection limits is given in Table 1 . Most of these studies are sensors in solution phase. [12] [13] [14] 17, 19, 21 Some are solid phase sensors based on entrapment of the sensing dye in different * Correspondence: ozlem.oter@deu.edu.tr
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matrix materials such as nafion, mesoporous silica, cellulose acetate, polycaprolactone, and poly 2-hydroxyethyl methacrylate. 11, 15, 16, 18 The suggested sensor uses the solid PVC and sol gel matrix material, which plays an important role in the stability and sensitivity of the sensor. The analyte-permeability of the solid matrix directly influences the sensitivity. On the other hand, the host/dye compatibility is another important issue and poor compatibility may result in leaching or dye aggregate formation on either the micro-or nanoscale. Depending on the selected polymer, the indicator dyes possess moderate to high photostabilities. However, there is a need for the development of stable solid phase sensors. Polyvinyl chloride (PVC) and sol-gel possess excellent compatibility with the indicator dyes, resistant characteristics to water and harsh conditions, protecting abilities of the indicator dyes from alterations providing an appropriate microenvironment for them, and tailoring abilities (for PVC) in electrospinning conditions. The sensing agents utilized in the reported studies are mostly focused on fluorescent metal complexes of diaminofluorescein, diaminonaphthalene, and diaminoanthraquinone derivatives.
11−21 They use steady state measurements based on the emission intensity enhancement of the dyes that directly react with NO. In this study, the indicators utilized were fluorescent dyes of pyrene, magnesium phthalocyanine (Mg-Pc), and tris(2,2'-bipyrdyl)dichlororuthenium(II) (Ru(bipy)
2+
3 ) hexahydrate, which were tested for the first time for the detection of NO in solid matrices. These dyes were chosen because they are moderately cheap, easily available commercial dyes that are well known with their sensing capability for gaseous oxygen and reactive oxygen species. Moreover, all of the utilized dyes have long fluorescence lifetimes so that both steady state and lifetime-based measurements can be employed. Lifetime-based response is advantageous and selective as it is not affected by source variations, photo-bleaching, or leaching effects. The sensing dyes were entrapped in both thin film and electrospun membranes in the presence and absence of different additives such as nanosized silver and ionic liquids, which are known as effective on the fluorescence characteristics of the sensing agents and facilitate the detection capability of the sensing probe. 25 Thus, these additives were utilized for the first time for nitric oxide sensing purposes and a significant enhancement of sensor response was obtained. The obtained limit of detection values of 10 −7 mol L −1 are less than most of the LOD levels given in the literature for solid phase optical sensors. 15, 11, 18, 20 Furthermore, the suggested sensor has a wide dynamic working range from 10 −7 to 10 −4 mol L −1 levels
Results and discussion

Surface structure of the sensing materials
In this work, we employed ionic liquids and AgNPs in PVC membranes in either thin film forms or microfiber structures. Thus, we compared the sensing capability of thin films with fiber structures. Figures 1a and 1b and 1c and 1d are the SEM images of the pyrene containing electrospun mats in the absence and presence of AgNPs, respectively. Figures 2a and 2b and 2c and 2d are the SEM images of the Mg-Pc doped slides in the absence and presence of AgNPs, respectively. The electrospun membranes of both dyes exhibited good adhesion to the aluminum substrate. It was observed that the membrane had a 3-dimensional network with a porous structure. These pores within the network structures allow the diffusion of small nitric oxide molecules. In Figures 1c and  1d and Figures 2c and 2d , the presence of silver nanoparticles can be seen as gray clusters on the surface. The presence of AgNPs caused a slight increase in the porosity of the membranes. From the figures, we observe thinner fiber structures and smaller but increasing amounts of holes in the presence of AgNPs. Moreover, AgNPs increased the electrical conductivity and facilitated the electrospinning process. These results are in agreement with the literature results. Wang et al. found that the use of silver nanoparticles in electrospinning resulted in highly porous nanofibrous membranes. 26 In addition, it is known that the presence of ionic liquids enhances the Copper(II) complex CuQNE w th a naphthal m de-conta n ng l gand Aqueous solut on Not reported 1 nM n aqueous solut on 13 porosity of the membranes. 27 We did not observe any aggregates or clusters due to the presence of ionic liquid. This indicates that the ionic liquid was evenly distributed on the surface. The electrospun membranes provide higher surface area when compared with thin film membranes. Wang et al. reported that the porous structure of the electrospun membranes provides a surface area-to-volume ratio roughly 1 to 2 orders of magnitude higher than that known for continuous thin films. 28 The development of nanofibers with different sizes can be obtained by changing the parameters of the electrospinning process such as the solvent composition, the concentration of the reactants, the viscosity of the polymer cocktail, the temperature and humidity of the electrospinning cabin, and the distance between the metal needle and the casting plate. 
Spectral response of the pyrene dye to TEMPO radical
We evaluated the NO quenching efficiency of the encapsulated pyrene in solid state. The nitroxyl radical of TEMPO was used as a stable form of NO. We constructed optical chemical sensors in the form of thin films and electrospun fibers prepared from different cocktail compositions (P1-P9) of plasticized PVC (see Tables 2 and 3 25 Oter et al. designed a gaseous CO 2 sensor by exploiting ionic liquids that enhanced the long-term stability of their sensor. 30 We also tested the sensing agents in three different moieties: ultrapure water, phosphate buffer at pH 7.4, and SDS micelles. The tested moieties were all aqueous solutions as the determination of nitric oxide is especially significant in aqueous biological environments as it is the key biochemical messenger and signaling molecule in cells. It also has an important role in immune and blood pressure regulation systems. pH 7.4 is selected as the pH of blood and tissue fluids and the SDS micelles mimic the cell environment. In all of the test moieties the pyrene dye exhibited excitation and emission maxima around 340 and 390 nm, respectively. Presence of the AgNPs did not have a significant effect on the spectral properties. The average Stoke's shift was 50 nm. By the addition of increasing amounts of NO radical onto the PVC encapsulated pyrene, the emission peak at 390 nm exhibited a quenching-based decrease. It is known that the pyrene dye exhibits a quenchingbased response to nitric oxide. The quenching was evaluated for the solution phase many times. The quenching is paramagnetic and takes place with TEMPO lower than millimolar concentrations. The simplest method for modeling the quenching phenomena is to use the Stern-Volmer equation (1, 2) Cocktail Medium Stern-Volmer plots Volmer plot can be plotted by using the fluorophore lifetimes ( τ 0 / τ ratios) when lifetime-based measurements are performed. In the presence of quenchers, the fluorescence intensity should decrease alone if the type of quenching is static, which involves the ground state. In the case of dynamic quenching, both the excited state lifetimes and fluorescence intensities will decrease. Thus, K SV should be the product of τ 0 and k q , which is the bimolecular quenching rate constant. The k q value is related to the diffusion controlled limit through quenching efficiency. In all cases, the Stern-Volmer plots presented linear behavior, indicating dynamic quenching for pyrene. Table 3 reveals Stern-Volmer plots and Ksv constants for the PVC embedded pyrene in different sensing media. The thin film and electrospun fiber forms of the sensing agents exhibited different responses towards the NO. The cocktails of P1 and P3, which did not contain any ionic liquid, exhibited a relative signal change about 20% for the analyte. By the addition of ionic liquid, significant enhancements in buffer and micelle moieties were observed, corresponding to 2.5-4.5-fold enhancements in sensor response (80%-90%). Therefore in further studies we utilized the ionic liquid in all of the matrices as additive. The presence of AgNPs did not cause any hysteresis in the emission spectra and relative signal changes of pyrene. The best response was obtained for the sensor studies with P4. Figure 3 reveals the spectral response of P4, the PVC embedded pyrene dye for thin film forms towards TEMPO in buffered solutions. The slope allows calculating a Stern-Volmer constant of 3.0
for the pyrene. This value is higher than the Stern-Volmer constant observed for NO in EtOH solutions, which is given as 0.6 mM −1 . 21 This means nearly 50 times enhancement in the K SV value for solid phase studies in the presence of IL. The relative signal change of 80% was attained for the concentration range of 0.0-212.5 µ M TEMPO (see Figure 3 ). By this way the limit of detection (LOD) and limit of quantification (LOQ) values of 0.15 and 0.5 µ M were attained. In contrast to our expectations, the electrospun fibers made up of the same material exhibited lower Ksv values with respect to the thin films.
Spectral response of the Ru(bipy)
2+ 3
for the TEMPO radical
We evaluated the NO quenching of Ru(bipy) 2+ 3 encapsulated in sol-gel slides prepared from different cocktail compositions of R3 and R4 (see Table 4 ). We tested the sensing response in phosphate buffer at pH 7.4 and in SDS micelles. In all of the test moieties the Ru(bipy) 2+ 3 dye exhibited excitation and emission maxima around 480 and 610 nm, respectively. The average Stoke's shift was 135 nm. By the addition of increasing amounts of NO radical onto the sol-gel encapsulated Ru(bipy) 2+ 3 , the emission peak at 610 nm exhibited a quenching-based decrease. Quenching-based response is explained in section 2.2 in detail. The Stern-Volmer equations were used for the modeling of the quenching phenomena (see Table 5 ). In all cases, the Stern-Volmer plots presented a linear behavior, indicating the dynamic quenching mechanism for Ru(bipy) 2+ 3 . Figure 4 reveals the spectral response of the sol-gel embedded Ru(bipy) 2+ 3 dye with ionic liquid to TEMPO in SDS solutions. As a result, the cocktail of R3, which did not contain any ionic liquid, exhibited a relative signal change of about 7%. By the addition of ionic liquid, significant enhancements in micelle moieties were observed corresponding to 5-fold enhancement in sensor response (37%). Therefore in further studies we utilized the ionic liquid in all of the matrices as additive. The slope allows calculating a Stern-Volmer constant of 2.6 × 10 −3 µ M −1 for sol-gel encapsulated Ru(bipy) 2+ 3 in SDS solutions. This value is higher than the Stern-Volmer constant observed in NO sensing in the solution phase, which is given as 0.04 mM −1 in aqueous solutions. 21 This means nearly 70 times enhancement in the K SV value for solid phase studies. 
Spectral response of the Mg-phthalocyanine for the TEMPO radical
Mg-Pc dye was excited at 668 nm in all of the test moieties. In all cases the emission maxima appeared at 674-676 nm. The Stoke's shift values were relatively low when compared with pyrene and ruthenium dye and were in the range of 6-8 nm, which is convenient for the Pcs. Figure 5 reveals the spectral response of the PVC embedded Mg-Pc dye for TEMPO in SDS micelles. Upon exposure to increasing concentrations of TEMPO, the dye exhibited increasing response in signal intensity in a different manner from the response of the pyrene and Ru(bipy) 2+ 3 dyes. This indicates that the response is not quenching-based but a complex formation occurs between the dye and NO. The possible sensing mechanism is given in the Scheme. Silva et al. reported that the highest value of the Fukui function is associated with the most reactive site of the molecule. The Fukui function was the highest for nitric oxide and was found in nitrogen, which means that this site governs a radical interaction. 31 Nguyen et al. also investigated the mechanism for NO and metal-phthalocyanine interaction.
32 Their numerical calculations showed that NO was strongly chemisorbed to the metal atom and the N terminal of NO prefers to bind with metal atoms rather than with the O terminal. This resulted in a change in the geometric Scheme. Possible reaction mechanism for Mg-Pc with TEMPO radical.
and electronic structure and properties of metal-Pc. They also showed that NO weakly adsorbs on all other nonmetal sites. In their experimental work, they found that electron charge transfer from MPc to NO occurs, which shows that the NO gases absorbed on metal-Pc turn out to be negatively charged and thus form acceptor states since they attract electrons from metal-Pc. As a result, a charge transfer complex was formed with new electrochemical and photochemical properties, enabling the design of new NO sensors. 32 In our case, we applied TEMPO to mimic NO as TEMPO is a stable radical that covalently binds to organic/bioorganic molecules. Table 6 reveals equations of the calibration plots and the sensor performances for different cocktail formulations of different sensing media in a cooperative manner. As a result, electrospun fiber forms of the dye exhibited the highest relative signal change towards TEMPO when tested in micelle solutions. When the thin films were changed with the electrospun membranes the relative signal change enhanced from 40% to 68% for the electrospun membranes. The LOD and LOQ values were 0.78 and 2.6 µ M, respectively. The calibration plots exhibited good slopes and linearity (see Table 6 and inset of Figure 5 ). Regression coefficients of 0.9930-0.9987 can be concluded as the indicator of the desired linearity. Presence of the AgNPs within the matrix did not result in a significant change in signal response in terms of linearity and sensitivity but only facilitated the production of electrospun fibers. Figure 8 , respectively. Table 7 shows the decay times, chi-square values, diffusion controlled quenching rate constants (kq), and lifetime-based Stern-Volmer constants of the studied composites in the presence and in absence of TEMPO. These lifetimes ranged from 85 to 145 ns for the long lifetime component and 1.9 to 13.7 ns for the short one. The contribution of the longer lifetime component to mean lifetime was dominant and at an average of 90.0% in both the absence and presence of quencher. In the presence of TEMPO, the long lifetime component exhibited a slight decrease for the P3-P9. The presence of ionic liquid enhanced the lifetime value and the sensing response of the pyrene dye, while nanosilver particles decreased the lifetime especially in SDS media. Thus, the best relative signal change and the highest kq value were obtained in buffer solution for thin film forms containing ionic liquid. This result is in accordance with the data obtained from steady state measurements. The Stern-Volmer constants of pyrene dye obtained from steady state measurements are higher than those obtained from lifetime measurements; thus fluorescence intensity-based response is more advantageous for the design of new optical NO sensors. The Ru(bipy) 2+ 3 dye was excited with a laser light source at 467 nm (laser with 118.2 ps pulse width) and the decay characteristics were measured in TEMPO-free TEMPO containing moieties at emission wavelength of 610 nm. Ru(bipy) 2+ 3 dye is known for its lifetime value near 600 ns in solution phase.
Lifetime-based measurements
14 When embedded in the solid phase the lifetime enhanced to nearly 1500 ns values. For all of the sensing slides, the fluorescence decay was monoexponential and the lifetimes ranged between 1324 and 1537 ns (see Table 7 ). In the presence of TEMPO, when compared with pyrene dye, Ru(bipy) 2+ 3 dye exhibited less relative signal change in the decay time and we did not utilize the lifetimes as a calibration tool. The decrease in lifetime value was 11% and 10% for thin film and electrospun slides, respectively.
The fluorescence lifetimes were also recorded for PVC embedded forms of the Mg-Pc dye. The dye was excited at 668 nm with the microsecond flash lamp of the FLS 920 and the lifetimes were recorded at the emission wavelength of 674 nm. The decay characteristics were measured for electrospun fibers and thin films in TEMPO-free, 51.6 and 206.4 µ M TEMPO-containing buffer solutions, and/or SDS solutions. The data reveal that, when compared with thin films, the decay time of electrospun fibers was enhanced from 1416 µ s to 2739 µ s. By the addition of TEMPO, increasing lifetime values were observed for magnesium dye, different from the quenching-based response of pyrene and ruthenium dyes (see Table 7 ). This was an expected result Table 7 . Summary of the decay characteristics and chi square values of the studied composites in presence and absence of TEMPO as the Mg-phthalocyanine response in steady state measurements was also increasing due to complex formation between the dye and the TEMPO radical. The fluorescence decay was monoexponential in buffer media while it was multiexponential in SDS media. Multiexponential decays are expected for heterogeneous media such as micelle solutions like SDS. 21 The first lifetime was nearly at 250 µ s levels, while the second was nearly at 2200 µ s levels. The contribution of the longer lifetime component to mean lifetime was dominant and at an average of 75%. For buffered solutions, the decay time was monoexponential and the best response was observed for thin film forms, which exhibited a 42% increase in the lifetime value from 1437 µ s to 2017 µ s when 206.4 µ M concentration of TEMPO was added.
Experimental
Materials
Nitric oxide sensitive fluorescent dyes, pyrene, magnesium phthalocyanine (Mg-Pc), and tris(2,2'-bipyrdyl)dichlororuthenium(II) hexahydrate (Ru(bipy) 
1-butyl-3-methylimidazolium hexafluorophosphate, [BMIM
, was from Merck. The nitric oxide radical was the free and stable radical of TEMPO (98%, 2,2,6,6-tetramethyl-1-biperidinyloxy) from Aldrich. Sodium dodecyl sulfate (SDS) was from Merck and used as anionic surfactant. Analytical grade solvents and Millipore ultrapure water were used.
Preparation of the solutions
The sensing studies were conducted in three different environments: in unbuffered aqueous solutions, in pH 7.4 (intracellular pH) buffered aqueous solutions, and in pH 7.4 buffered SDS solutions, which imitate the biological cell environment. The stock TEMPO solution was prepared with deoxygenated ethanol (EtOH) as it is not stable under oxygenated conditions. The standard solutions were prepared freshly prior to the experiments. The buffer solutions of pH 7.4 were prepared using NaH 2 PO 4 .2H 2 O and Na 2 HPO 4 .12H 2 O in ultrapure water. The solution pH was adjusted using either 0.1 M HNO 3 or 0.1 M NaOH. The SDS solution was prepared as 0.01 M in 0.4 M NaCl containing pH 7.4 phosphate buffer and then sonicated for 15 min.
Apparatus
The steady state florescence measurements were recorded with a Varian Cary Eclipse and an Edinburgh Instruments spectrometer. Fluorescence lifetime measurements were performed by single photon counting technique (TCSPC) with an FLS920 (Edinburgh Instruments). The excitation was performed for pyrene and Ru(bipy) 2+ 3 dyes with the 367.8 nm pulsed laser source with a pulse width of 790.4 ps. The emission data were collected at 390 nm and 610 nm for the two dyes, respectively. A microsecond flash lamp was utilized for the excitation of the phthalocyanine dye. The lifetime data were recorded after deconvolution with a weighted, nonlinear least-squares method. The obtained chi-square values were less than 1.2 and the residuals were symmetrically distributed around the zero axes. A programmable syringe pump (Top-5300) and Gamma High Voltage ES30 (high voltage power supply) were utilized for the fabrication process of electrospun fibers. The surface structure of the sensor slides was examined using a 6060-JEOL JSM scanning electron microscope.
Fabrication of silver nanoparticles
Silver nanoparticles were produced according to the literature method. 22, 35 Briefly, in this method, 1.0 mM silver nitrate (10 mL volume) was added dropwise into 2.0 mM sodium borohydride (30-mL volume) in an ice bath while stirring continuously. The color of the resulting colloidal solution was pale yellow at the beginning. The following colors were purple and finally gray. The sodium borohydride solution was used to reduce the ionic silver and to keep the silver nanoparticles apart from each other in a coordinated form with the anions of BH − 4 . The centrifuge (6000 RPM) method was used to separate the silver nanoparticles dispersed in water. The size distribution analysis and other data regarding the characterization of silver nanoparticles were given previously.
36,37
Fabrication of thin films, sol-gel films, and electrospun slides
The sensing composites were prepared in glass vials to contain 33% PVC and 66% DOP. The cocktails were mixed by a magnetic stirrer for a while after addition of the solvent, THF. The homogeneous cocktail was spread on polyester support (Mylar Du Pont) and the thin films were left in a desiccator saturated with the solvent vapor for drying. The Mylar support was optically transparent and ion impermeable. It also exhibited good adhesion to the PVC membrane. The compositions of the cocktails are given in Table 2 .
In order to obtain electrospun slides, the homogeneous PVC cocktails were placed in a 10-mL plastic syringe. The syringe was fixed on the syringe pump and the electrode of the power supply was clamped to the metal needle of the syringe. The feed rate and the voltage were adjusted to 2.0 mL/h and 25-30 kV, respectively.
The electrospun fibers were collected on an aluminum foil-coated substrate (see Table 2 ).
The sol-gel matrix was utilized for the sensor studies of Ru(bipy) 2+ 3 dye due to the leaching effects in PVC matrices. The sol-gel slides were prepared from a solution containing tetraethyl orthosilicate (TEOS), HCl, water, ethanol, ethanolic solution of the dye, Triton X-100, and ionic liquid. For comparison, ionic liquid-free cocktails were also prepared. The preparation procedure of the sol-gel cocktails was explained before in detail. 38 Finally, optically transparent crack-free thin films were prepared. The concentration of Ru(bipy) 2+ 3 dye was
10
−3 M in the sol. The exact compositions of the sols are given in Table 4 .
Conclusions
In this work we utilized pyrene, Ru(bipy) 2+ 3 , and Mg-Pc dyes as NO sensitive molecular probes in embedded form for the first time. We fabricated thin films and electrospun fibers to prepare the sensing agents. Pyrene and Mg-Pc were doped in plasticized PVC along with ionic liquid and AgNPs, whereas the Ru(bipy) LOD and LOQ values were 1.54 µ M and 5.1 µ M, respectively. Spectral response of the PVC-embedded Mg-Pc dye to TEMPO in buffered solutions and in SDS micelles was also recorded. Different from the other dyes, the Mg-Pc dye exhibited increasing fluorescence intensity and lifetime-based response to NO. Lifetime-based response is more advantageous and selective especially in biological samples as they are not affected by source variations, photo-bleaching, or leaching of the probe materials or changes in the efficiency of the optical systems. Another advantage of the Mg-Pc dye is that it is not poisonous for organic systems. In both of the moieties the emission-based response appeared at 674 nm and upon exposure to the increasing concentrations of the TEMPO the signal intensity increased. The relative signal change of 68% was attained for the concentration range of 0.0-220.1 µ M TEMPO. The LOD and LOQ values of 0.78 and 2.6 µ M were extracted from the calibration plots.
